An electro-spraying microfluidic chip was integrated with a parallel electrode and flow-focusing device to successfully generate uniform emulsions with an electric field. This approach utilizes a high electric field driven by a direct-current voltage to form a stable Taylor cone in the flow-focusing position. The Taylor cone can then generate stable and uniform emulsions that are less than 5 f.!m in diameter. The emulsion size is controlled by the surfactant concentration, the ratio of the water and oil phase flow rates and the strength of the electric field. When the strength of the electric field increases at a high surfactant concentration and low ratio of flow rates, the Taylor angle decreases, which causes the emulsion size to decrease. In this study, the water emulsion diameter ranged from 1 f.!m to 98 f.!m, and the poly(lactic-co-glycolic acid) (PLGA) emulsion size ranged from 7 f.!m to 70 f.!m.
Introduction
Microfluidic technology that uses flow-focusing shapes has a wide range of applications that can be used to generate water-in-oil emulsions and oil-in-water emulsions in liquid-liquid systems [1] [2] [3] . This microfluidic technology provides a highly controllable emulsion size, and the emulsions thus produced can be applied for microreaction synthesis [4] , chemical reaction [5] , protein crystallization [6] , and the formation of colloidal particles with different shapes [7, 8] . Various flow-focusing shapes are used to produce emulsions, whose sizes are controlled by the flow rates [9] [10] [11] [12] [13] [14] [15] [16] [17] , although the smallest emulsion size is limited by the microfluidic geometry, the dimensions of the microchannel, and the material properties of the fluids. The electro-spray approach has the potential to overcome these limitations and is able to generate emulsions in a high electric field [18] . In this method, an electro-spray is generated by an electric force applied to the surface of a liquid, and this can be used to produce the water emulsions as small as 1 f.!m in diameter. In previous studies of electro-spray methods, emulsions have been generated with one liquid in air in an electric field [19] [20] [21] . Mutoh et al. (1979) reported the convergence of various viscous liquids with different conductivities [20] . Hayati et al. (1986) studied the electro-spray mechanism to form a stable jet under an electric field [21] . Thus, previous studies showed that the dispersed phase solution should have slightly conductivity to form a Taylor cone. Sato et al. (1997) presented a method to achieve droplet generation in water and explained the electro-hydrodynamic flow process on the macroscopic scale [22] . Suvorov et al. used numerical modeling to simulate dynamic Taylor cone formation on liquid metal surfaces [23] .
The hydrodynamic evolution of the surface of a liquid metal in the presence of an electric field has been investigated using both analytical and numerical techniques [24] . The electro-hydrodynamic (EHD) atomization process was simulated with a commercial Computational Fluid Dynamics (CFD) code [25] . Ganan-Calvo et al. combined the electro-spray and flow-focusing processes to develop an ultra-fine liquid atomization procedure [26, 27] . Kim et al. (2007) proposed an emulsification method that uses an electric field to generate water droplets in a flow-focusing microfluidic device [28] . In our study, the electro-spraying method was also carried out in a microfluidic device that included a flow-focusing shape based on the concept described in ref. [28] . Many biomaterials have been used to form uniform emulsions for the controlled release of drugs, including alginate [9, 10] , chitosan [11] , poly(lactic-co-glycolic acid) (PLGA) [12, 13] , and other substances [14] , due to their excellent properties, such as biocompatibility, biodegradability, and non-toxicity.
PLGA is one of the most widely used biomaterials for drug delivery and therapeutic encapsulation and is a synthetic polymer that includes glycolic and lactic acid. PLGA is particularly known for its biocompatibility and biodegradability because it breaks down into harmless acid monomers in the human body. However, biomaterials have not been applied in electro-spray micro-fluidic devices to generate smaller emulsions. Therefore, PLGA was used to form emulsions in this study.
In our study, an electro-spraying microfluidic chip was integrated with a parallel electrode and flow-focusing device. A high electric field driven by a direct-current voltage and an indium-tin-oxide (ITO) parallel electrode formed a stable Taylor cone in the flow-focusing position and generated uniform emulsions. There are many factors that can influence emulsion size, such as surfactant concentration (Span 80), the ratio of the water and oil phase flow rates, and voltage (electric field). In this study, the water emulsion diameter ranged from 1 J.lm to 98 J.lm. The microfluidic chip developed in this work was applied to generate PLGA emulsions, whose sizes ranged from 7 J.lm to 70 J.lm in diameter.
Materials and Methods

The Experimental Principle
In this study, an electro-spraying microfluidic chip was integrated with a hydrodynamic flow-focusing function and parallel electrodes to generate the electro-spray phenomenon under microfluidic conditions, as shown in Fig. l(a) . In previous research, the emulsion size was controlled by the orifice geometry, the fluid material properties (viscosity or surfactant), and the ratio of the sample and oil phase flow rates. According to ref. [28] , an electric field can also be used to control emulsion size in an electro-spraying microfluidic chip. When parallel electrodes were used to generate an electric field in the dispersed phase, the front surface of the disperse phase which was formed to be the hydrodynamic-focusing shape by the continuous phase was charged. When the strength of the electric field increased, the charge on the front surface of the dispersed phase increased to generate a higher attracting force. Because the attracting force generated by the higher electric field was larger than the surface tension of the water-oil interface, a Taylor cone was generated at the tip of the dispersed phase. Therefore, the electro-spray condition (Taylor cone) was generated in the developed microfluidic chip with a high electric field, and this can be used to produce emulsions with smaller diameters.
Design and Fabrication of the Electro-spraying Microfluidic Chip
An electro-spraying microfluidic chip was designed using AutoCAD® 2010 software and included parallel electrodes and a flow-focusing microchannel. The dimensions of the microfluidic chip are 3 x 3 x 6 mm, and the gap between the parallel electrodes is 4 mm. The cross-junction angle of the flow-focusing microchannel is 60°, and the width is 1 00 J.lm, as shown in Fig. 1(a) .
The electro-spraying microfluidic chip consists of two components: the flow-focusing microchannel and the parallel electrodes. The flow-focusing microchannel was fabricated from poly( dimethylsiloxane) (PDMS) with micro-electro-mechanical systems (MEMS) technology [29] . First, a THB-151 N microstructure mold was fabricated on a silicon wafer using MEMS technology, including spin coating, exposure and developing. After creating the THB-151N mold, replica mold technology was used to fabricate the PDMS flow-focusing microchannel. The PDMS liquid was poured into the THB-151N mold, and the PDMS chip was peeled off from the mold after 40 min at 70°C in an oven. Next, the parallel electrodes were fabricated on an ITO glass slide with standard MEMS technology [30] .
Microfabrication processes, such as spin coating, exposure, developing, and wet etching, were used to fabricate thin-film micro-electrodes. After the electrode pattern was transferred onto the ITO glass slide, the parallel electrodes were formed by chemical wet etching. Finally, an oxygen plasma machine (In-line plasma cleaner, NEWST-2002IL, Taiwan) was used to change the surface functional groups ofthe PDMS microchannel and the ITO glass substrate from CH 3 groups to OH groups. The PDMS microchannel was tightly bonded to the ITO glass substrate [31] . The parameters for oxygen plasma treatment were 75 mTorr of vacuum pressure and 70 W of RF power applied for 30 sec. The flow-focusing microchannel thus obtained had a depth of 70 11m, as measured by an Alpha-step profilometer (AS500, KLA Tencor, Japan).
The Experimental Procedure
In this study, the electro-spraying microfluidic chip that was developed could control the emulsion size by adjusting the direct-current electric field under a fixed ratio of the dispersed and continuous phase flow rates. By increasing the strength of the electric field, a Taylor Taylor cone, and the smallest water emulsion size was generated due to the electro-spraying conditions. When the Span 80 concentration was increased to 5% (w/w), the water emulsion size was smaller than that observed in the experiments with 0% and 3% Span 80 under the same conditions. When the flow rate ratio was decreased or the voltage was increased, the emulsion size decreased, as shown in Fig. 2(a) . At a voltage of 6000 V, a Taylor cone was formed at all flow rate ratios, and the smallest emulsion size, 1 11m in diameter, was produced using the electro-spraying conditions (Fig. 2(b) ). Therefore, when the surface tension between the dispersed phase and oil phase was reduced, the generation of water emulsions was stable, and the water emulsion size was smaller under the same parameters. To examine the effect of the flow rate ratio on Taylor cone generation, when the flow rate ratio was decreased from 80/400 to 5/400 at 6000 V, the angle of the Taylor cone was decreased from 32.2° to 18°, as shown in Fig. 3 . The results show that the flow rate ratio influenced the Fig. 4(a) . The W/0 emulsion size was less than 5 11m in diameter at 5000 V, and the emulsion size was 1 11m at Qs/Qo=5/400 and 6000 V. Finally, at a 5% Span 80 concentration, when the driving voltage was increased to 6000 V, the W /0 emulsion size was less than 5 11m at all flow rate ratios, as shown in Fig. 4(b ) . In the experiments, the generation of regular water emulsions was controlled by parameters such as the flow rate ratio of the water and oil solutions, Span 80 concentration, and driving voltage, as shown in Table 2 . The lowest driving voltages used to generate the stable electro-spraying condition at Span 80 concentrations of 3%, 5%, and 7% were 4000 V, 4000 V, and 3000 V, respectively, at a flow rate ratio of 5/400, as shown in Fig. 5 . The contact angles of the different Span 80 concentrations (3%, 5%, and 7%) were 24.2°, 23°, and 23.8°, respectively. Therefore, when the Span 80 concentration is high, a low driving voltage can be used to generate the electro-spraying condition.
In electro-spray theory, when the strength of the electric field increases, the charge on the front surface of the dispersed phase is increased to generate a higher attracting force.
Because the attracting force generated by the higher electric field is larger than the surface tension of the water-oil interface, a Taylor cone is generated at the tip of the dispersed phase.
Then the tip of the Taylor cone continuously releases charged micro-emulsions; this represents the electro-spraying condition. The electric field of the Taylor cone surface is determined using equation 1, where E is the electric field strength, V is the driving voltage, R is the curvature radius of the Taylor According to equation 1, when the curvature radius is small or, alternatively, when the Taylor cone is sharp, the electric field is strong. In ref. [32] , Reneker et al. reported that in their experiments when the Taylor cone was stably generated in air, the potential difference at the Taylor cone surface was zero. According the theoretical calculation described by equation 2, the angle of the Taylor cone (a) was 49.3° in air:
where <I> is the surface potential of the Taylor cone, T is the surface tension, R is the curvature radius of the Taylor cone, and a is the angle of the Taylor cone.
In our study, a Taylor cone was generated at the water-oil interface (Span 80 was added to the oil phase to modify the surface tension), which was compressed by the oil phases. Thus, the angle of the Taylor cone was smaller than 49.3° in the electro-spraying microfluidic chip.
Span 80 was used to adjust the surface tension between the water phase and the oil phase:
when the Span 80 concentration was increased, the surface tension was reduced. It was observed that when the Span 80 concentration was increased from 0% to 7% under the fixed parameters, the curvature radius and the angle of the Taylor cone were reduced. According to equation 1, when the curvature radius is reduced by increasing the surface tension under a fixed driving voltage, the front charge density of the Taylor cone is increased, which produces smaller emulsions. To examine the effect of the flow rate ratio on Taylor cone generation, when the flow rate ratio was decreased from 80/400 to 10/400 at 6000 V, the angle ofthe Taylor cone was reduced from 32.2° to 18°, as shown in Fig. 3 . The results show that the flow rate ratio influenced the generation of a Taylor cone. Therefore, our experimental results match those predicted by electro-spray theory.
PLGA Emulsion Generation
Based on the results of our experiments, the electro-spraying microfluidic chip proposed in this work can be used to generate small emulsions less than 5 j. was greater than that of the D.l. water (1.6 mPa.s), the PLGA phase was stretched to form a jet rather than form emulsions by the high voltage ( 4000 V). At low flow rate ratios, (Qs/Qo=20/400 and 1 0/400) PLGA emulsions were generated at 4000 V, but this was not the case at higher flow rate ratios (Qs/Qo= 80/400 and 40/400). Lower flow rate ratios provided a higher flow-focusing pressure, which compressed the PLGA phase to form a sharper Taylor cone at each voltage; therefore, the smaller PLGA emulsions were easily generated at the higher electric field ( 4000 V) and lower flow rate ratio (1 0/400). Moreover, the electro-spraying condition did not affect the size of the PLGA emulsions or that of the water emulsions, but the generation of a Taylor cone was affected by the driving voltage, which caused the PLGA emulsion size to decrease. When the flow rate ratio (Qs/Qo) was high, the PLGA emulsion size was not significantly influenced by the increased driving voltage.
However, the PLGA emulsion size did markedly decrease when increasing the driving voltage at a lower flow rate ratio (20/400 and 1 0/400), as shown in Fig. 7(a) . The PLGA emulsion size ranged from 13 !liD to 51 11m in diameter. When the Span 80 concentration was increased to 5%, the PLGA emulsion sizes were smaller than those generated at 0% and 3%
Span 80 under the same conditions. By increasing the driving voltage, the smallest PLGA emulsion was 7 !liD in diameter at a flow rate ratio of 10/400 and voltage of 3000 V, as shown in Fig. 7(b ) . We also found that a PLGA jet appeared at a high flow rate ratio when the concentration of 5%, the water emulsion size ranged from 80 )..LID to 62 )..LID, and the PLGA emulsion size ranged from 41 11m to 13 )..LID at no driving voltage when the flow rate ratio was reduced from 80/400 to 10/400. However, to produce emulsions that were smaller than 10 !liD in diameter using this device, the electric field strength was increased. For example, at a Span 80 concentration of 5%, the PLGA emulsion size ranged from 7 )..LID to 11 11m at a flow rate ratio of 10/400 when the driving voltage was increased from 1000 V to 3000 V. Therefore, the electric field is the parameter to control to reduce the emulsion size. Finally, PLGA emulsions measuring 15 11m were collected in the reservoir. After the solvent solution (DMSO) was evaporated, PLGA microparticles were generated, and the emulsion diameter observed by SEM (TM-1000, Hitachi, Japan) was 2.6 J..tm, as shown in Fig. 8 . In the theoretical calculation, the PLGA microparticle size was 2.9 J..tm in diameter. The deviation of the PLGA microparticles was 0.3 J..tm, and the percentage error was 10%. We believe that when the DMSO solution fully evaporated from the reservoir solution, a very small volume ofthe PLGA was carried out by the DMSO solution, which caused the experimental error.
Conclusions
In this work, an electro-spraying microfluidic chip successfully generated a uniform concentration. Figure 8 After the DMSO solution was evaporated, PLGA microparticles were observed by SEM. Tables   Table 1 Fluid Table 2 Wateremulsion 100 . Figure 8
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